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 This thesis explores how thermal radiation affects water droplet growth in the 20 to 100 
μm size range. The theory of mass and energy transfer involving thermal radiation for a single 
droplet is presented. This theory is then extended to predict droplet growth for a given droplet 
distribution exposed to a controlled radiative sink. In the model, mass and energy transfer 
between the droplets and their surroundings are considered. The theoretical model predicts that 
droplets above approximately 2 μm will experience growth by condensation while smaller 
droplets will experience evaporation. An experiment was also conducted to measure the effect 
thermal radiation has on a droplet distribution and was compared to calculations from the 
theoretical model. Experimental data shows droplet growth occurring at a much higher rate than 
theoretical predictions. This leads the author to believe either the theoretical model is ignoring 
another growth mechanism or there is a limiting assumption being implemented in the model. 
Droplet growth is shown, theoretically and experimentally, to be in agreement with the time 
scales of droplet growth observed in nature. The time for a small droplet to achieve the size of a 
rain drop is predicted in this model to be on the order of minutes. Ignoring thermal radiation 
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Chapter 1: Introduction 
Water plays an important role in many areas of science and engineering. Some of these areas 
include the Earth’s climate, power production, and various heat transfer applications including 
the design of condensers and electronic cooling equipment. Within recent years, water’s role in 
Earth’s climate has received much attention. Water vapor happens to be much more abundant in 
the atmosphere than Carbon Dioxide (CO2), and is by far the most important greenhouse gas. 
However, CO2 seems to receive more public attention due to its increasing concentration in the 
atmosphere being a direct consequence of the burning of fossil fuels by humans. The burning of 
fossil fuels not only releases CO2 into the atmosphere, but also releases soot and other 
byproducts of combustion that make suitable cloud condensation nuclei (CCN). Once these 
CCNs are released into the atmosphere, water vapor now has a far greater chance to change 
phase and condense into a liquid droplet. The newly formed droplet will continue to grow by 
condensation, however, the rate of growth of the droplet decreases as the droplet increases in 
size. Due to the diminishing rate of growth, it is unrealistic to expect the droplet to continue 
growing by diffusion alone since it has been observed that droplets grow much faster than 
theoretical predictions which consider only growth by diffusion. Once the droplet grows to an 
appreciable size, approximately 100 µm, the droplet will begin to fall, collect other smaller 
droplets, and continue to grow into a typical rain drop. The focus of this paper is to address the 
mechanism which bridges the gap between growth by condensation and growth by collection. It 
will be shown in this paper that thermal radiation could play a considerable role in droplet 
evolution between 20 and 100 µm. The growth of a single droplet and the effect an assembly of 
droplets has both on the ambient air properties and rate of growth will be studied. 
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As previously stated, the goal of this paper is to show how thermal radiation can explain why 
small droplets can grow to the size of rain drops in a much shorter time than classically 
predicted. According to classical cloud physics, the rate of growth diminishes significantly once 
a droplet reaches a size of approximately 20 µm in diameter. Coincidentally, it will be shown 
that this size regime is where droplets become optically thick and can absorb and emit 
appreciable amounts of radiative energy. Since the only mode of energy transfer other than 
diffusion/conduction is by means of radiation, the inclusion of radiative energy transfer should 
completely describe how a droplet exchanges energy with its environment. The idea of thermal 
radiation influencing droplet growth was first introduced by Reynolds [1]. Since then, many 
authors [2-4] have conducted a rigorous treatment of thermal radiation on a single droplet and 
have shown radiative transfer can explain the rapid growth of droplets. This paper will not only 
explain the theory behind the energy and mass transfer of a droplet, but will also compare 
theoretical calculations to experimental data from a cloud in an environment where the effect of 
radiative cooling is isolated. This paper will also present a model where the growth of an 
assembly of droplets will be predicted by expanding the mass and energy balances for a single 
droplet to include contributions from multiple droplets of various sizes exchanging energy with 








1.1 Literature Review 
 
Theoretical calculations have been carried out for a single water droplet exchanging heat, both 
through conduction and radiation, with its surrounding environment [2-4]. These calculations 
show how thermal radiation is a viable explanation to the rapid growth of droplets. There have 
also been a few experiments to study radiation-driven evaporation of single water droplets under 
controllable conditions such as constant environmental conditions and a known incident 
collimated flux [5]. Other experiments studied radiation-driven evaporation of polydisperse 
water droplets [6,7], taking droplet distribution effects into account but neglecting any change in 
ambient air properties. A theoretical model which considers energy and mass exchange between 
a polydisperse distribution of droplets and an environment with inconstant properties was 
recently proposed [8]. This model, however, does not consider the role thermal radiation could 
play in a droplet’s lifetime. Other studies have included the effect radiative cooling has on a 
distribution of droplets, but attribute most of the growth to the coupling of radiative cooling and 
turbulence [9-11]. Also, these studies include only simulations without any comparison to 
experimental data. To the best of the author’s knowledge, there has yet to be an experiment or 
theoretical description of a given droplet distribution exchanging heat with an environment 
where the amount of water and energy are fixed, while isolating the role of thermal radiation. In 
other words, current theoretical models do not allow the ambient air properties such as 
temperature and relative humidity to change with time when radiative energy exchange is 
present. The goal of this paper is to propose a theoretical model considering the energy and mass 
exchange between a known distribution of droplets and an environment with inconstant 
properties with a constant temperature radiative sink. This model will also be compared to 
experimental data to determine its validity. 
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Chapter 2: Theoretical Approach 
To quantify the growth of droplets exposed to a radiative sink, both a mass and energy balance 
were first conducted on a single droplet. This model will later be adjusted to account for 
numerous droplets exposed to the same radiative sink in an environment with inconstant 
properties while assuming the droplets cannot exchange radiative energy with one another. The 
mass and energy balances discussed here have been presented and solved before [2,12,13]. 
However, a detailed description of these balances will be included for the reader to have a 
thorough understanding of everything the proposed model encompasses.  
2.1. Mass Balance 
The mass transfer relations discussed in the next section assume mass transfer from a pure liquid 
species to a mixture containing the same species. To stay consistent between the mass balance 
and the transfer relations, the assumed direction of the flux will be away from the droplet. The 
droplet will be devolving by evaporation when the flux is positive; the droplet will be growing 






Figure 2.1. Mass balance on a single spherical droplet. 
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The corresponding equation is given by Equation 2.1. To examine the change in diameter with 




= −𝑚′′ (2.1) 
 












During the analysis, it is assumed that the liquid water droplet is incompressible with a constant 
density value of 1000 kg/m3. The only unknown is the mass flux. An expression for mass flux is 
obtained by analyzing the droplet using the Spalding mass transfer formulation [12], which is 







2.2. Mass Transfer Relations 
The first step in deriving the mass transfer relations needed for the spherical droplet is to start 
with the fundamental P-equation in spherical coordinates. These equations will be derived using 
the same notation and basic principles used in Spalding’s mass transfer formulation [12]. The 
variable, P, represents a conserved property which can include the mass or mole fraction, 
enthalpy, or temperature [12,13]. It is assumed there is no dependence on azimuthal or zenith 













𝐺𝑟 = 𝜌𝑢𝑟 (2.6) 
To obtain an expression for the mass flux leaving the surface of the droplet, a mass balance is 
conducted within the droplet and is shown in Figure 2.2. The mass crossing the arbitrary “r” 
location within the droplet must be equal to the mass leaving the surface of the droplet at the 
outer radius “R”. A new notation has been introduced for the flux leaving the surface. This new 
flux has been denoted by “s” and is the same as the flux leaving at the outer radius. This new 
location “s” is adjacent to the outer radius but represents a location where water exists not as 







𝑚 𝑟 = 𝑚 𝑅 (2.7) 
𝜌𝑢𝑟4𝜋𝑟



















Assuming all properties are only a function of the radial direction converts the differentials from 













The next step is to integrate the differential equation. In most applications, the properties of 
either the surrounding environment or the droplet will be known. Formulating an expression for 
mass flux using properties at these locations will allow the mass flux to be readily calculated in 




𝑚′′ 𝑅  = 𝑚′′ 𝑠 
s 








𝑟 + 𝐶2 (2.12) 
Where 





Boundary conditions are used to solve for both integration constants. These boundary conditions 
are listed below in Table 2.1.  
 





A new notation has been introduced, denoted by “T”. This represents the location inside the 
droplet where the only substance considered is liquid water in contrast to the location 
immediately adjacent to the surface denoted by “s” where there is a mixture of water vapor and 







+ 1) (2.14) 
Table 2.1. Conserved property values at the prescribed radial location. 
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The conserved property in these equations will be the mass fraction of water near the surface of 
the droplet, at a large distance from the droplet, and inside the droplet. Since the droplet is 
considered to be entirely liquid water, the mass fraction of water inside the droplet is unity. 








Equation 2.15 shows the mass flux as only a function of droplet size and thermodynamic 
properties. All thermodynamic properties for water vapor and air are outlined in [14] and [15], 
respectively.   
2.3. Energy Balance 
The notation and procedure of the energy balance is consistent with the Spalding method 
discussed in the previous section and discussed in literature [12,13]. This balance is shown in 
Figure 2.3. It is assumed the “s” phase is non-participating with respect to radiation. This means 















Figure 2.3. Single liquid water droplet exchanging heat via conduction, evaporation, and radiation. 
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Figure 2.3 shows a scenario where a liquid water droplet is evaporating. Conduction is being 
supplied to the droplet from the vapor side of the interface, along with diffusional enthalpies and 
bulk-flow enthalpies. The droplet is also exchanging radiation with an external sink.  
Carrying out the energy balance at the interface of the droplet yields Equation 2.16. 
 
Where 
The notation for the radiative terms, 𝑞𝑑𝑟𝑜𝑝
+  and 𝑞𝑑𝑟𝑜𝑝
− , is consistent with the notation used in [16] 
for radiosity and irradiation, respectively. It can be seen from Equation 2.17 the conduction from 
the liquid phase could be entirely driven by radiation if the temperature of the droplet is assumed 
to be isotropic, allowing the “T” and “u” states to be the same. The assumption of a constant 
temperature at every location inside the droplet is adopted in this model and has been validated 
by Brewster [2].  
Substituting Equation 2.17 into Equation 2.16 yields Equation 2.18.  
𝑞𝑐𝑠 = −𝑞𝑐𝑢 +𝑚 
′′(ℎ𝑠 − ℎ𝑢 + (1 −𝑚𝑓𝐻2𝑂,𝑠)(ℎ𝐻2𝑂,𝑠 − ℎ𝑎𝑖𝑟,𝑠)) = −𝑞𝑐𝑢 +𝑚 
′′ℎ𝑓𝑔  (2.18) 
 
The conduction terms occur throughout two phases of water. One occurs on the water vapor side 
of the interface and the other inside the liquid water droplet. The second term on the right-hand 
side is the energy needed to change the water’s phase from liquid to vapor, also known as the 
enthalpy of vaporization. Of course, for the term to be characterized as the enthalpy of 
𝑞𝑐𝑠 = 𝑗𝑎𝑖𝑟,𝑠ℎ𝑎𝑖𝑟,𝑠 +𝑚 









vaporization at a specified temperature, the “s” and “u” states need to be at the same temperature, 
which is assumed in theory since the two states are infinitesimally close to the interface.  
Utilizing the assumption of an isotropic temperature profile yields Equation 2.19. 
 
Where 
The conduction term on the vapor side of the interface can be attributed to Newton’s Law of 
Cooling expressed by Equation 2.20. Using the definition of the Nusselt number, the conduction 
term can also be expressed by Equation 2.21.  
𝑁𝑢 ∙ 𝑘
𝐷
(𝑇𝑖𝑛𝑓 − 𝑇𝑠) = 𝑞𝑑𝑟𝑜𝑝
+ − 𝑞𝑑𝑟𝑜𝑝
− +𝑚 ′′ℎ𝑓𝑔 (2.21) 
 
In the diffusion limit, where there is either negligible or no advection, the Nusselt number based 
on radius approaches unity (or 2 in this case since it is based on diameter). This is an adequate 
assumption for the present case due to the expected low mass transfer rate and because the size 
of the droplets, which are on the order of microns, are much too small to have considerable 
buoyancy-driven boundary layers of any size.  
2.4. Radiation Analysis 
The next step in the analysis is to accurately quantify the radiative properties of liquid cloud 
droplets and droplet assemblies. Determining the radiative properties of liquid water droplets 
𝑞𝑐𝑠 = 𝑞𝑑𝑟𝑜𝑝
+ − 𝑞𝑑𝑟𝑜𝑝
− +𝑚 ′′ℎ𝑓𝑔 (2.19) 
 









should illustrate how effective the droplets emit and absorb radiation in the infrared region, as 
well as predict how large or small the droplets need to be in order for radiative growth to be 
significant. Also, it is important to understand which region of the electromagnetic spectrum will 
be responsible for most of the energy exchange between droplets and the wall and how to 
accurately represent this exchange. 
2.4.1 Radiative Energy Exchange 
 
First, we will take a simple model of a single droplet radiating to a black wall, which represents 
the exchange occurring throughout the experiment which is discussed later. It will be assumed 
that incident radiation from the wall is diffuse, as well as the emitted radiation from the droplet. 
The assumption of diffuse emitted radiation from the droplet is accurate for optically thick 
droplets [17] but may not be accurate for optically thin droplets. However, since most of the 
droplets in the experiment are optically thick and this assumption allows for a more simplified 
treatment of radiation without performing cumbersome Mie theory calculations, this assumption 
is adopted throughout this paper. Furthermore, we will also neglect any refraction or reflection at 
the droplet surface, as adopted in Brewster’s calculations [2], to again avoid the cumbersome 
Mie theory calculations. For a complete treatment of the exchange of radiative energy, the 
analysis is conducted on a spectral basis using a radiosity formulation as outlined in literature 
[16]. It will be assumed that the medium between the droplet and the wall is optically thin and 
thus is nonparticipating with respect to radiation.  
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The schematic for this exchange is shown in Figure 2.4. Incoming radiation to the droplet 
consists of emitted radiation from the wall as well as any radiation the wall reflects. For the 
experiment, the wall of the tube was anodized and painted black. Thus, the wall behaved as a 
blackbody and didn’t reflect any radiation. The droplet has an emissivity and, thus, a reflectivity 
allowing it to both emit radiation and reflect incoming radiation.  
Equation 2.22 shows the radiosity of the droplet with the first term on the right-hand side of the 
equal sign represented emitted flux and the second term representing the transmitted flux. 















The irradiation expression contains two view factors. One view factor is the amount of flux from 
the droplet to the wall, and the other is the amount of flux the droplet radiates to itself. The 
second view factor is zero since the droplet cannot “see” itself, while the first view factor 
becomes one. Equation 2.24 shows the radiosity from the wall. In general, the expression for the 
wall radiosity would be similar to Equation 2.22, however since the wall is black the expression 
simplifies to the current form.  
 
The next step is to express the transfer in terms of a net radiative flux. This net radiative flux is 
shown by Equation 2.25 and simplifies to Equation 2.26. 
 
 
 Next, Equation 2.26 was integrated over all wavelengths to acquire the total flux.  
 
The first term on the right-hand side in Equation 2.27 represents the emitted flux from the 
droplet and the second term represents the absorbed flux from the wall. The final step in the 
analysis consists of obtaining an expression for the emissivity of a spherical droplet, which is 
conducted in the next section. 
Another consideration is the effective range of wavelengths where most of the energy is being 
radiated. Changing the limits of integration in Equation 2.27 according to the effective range 
𝑞𝜆,𝑑𝑟𝑜𝑝





+ 𝐹𝑑𝑟𝑜𝑝,𝑤𝑎𝑙𝑙 + 𝑞𝜆,𝑑𝑟𝑜𝑝
+ 𝐹𝑑𝑟𝑜𝑝,𝑑𝑟𝑜𝑝 (2.23) 
 
𝑞𝜆,𝑤𝑎𝑙𝑙






𝑞𝜆,𝑑𝑟𝑜𝑝 = 𝜀𝜆,𝑑𝑟𝑜𝑝(𝑒𝑏,𝜆,𝑑𝑟𝑜𝑝 − 𝑒𝑏,𝜆,𝑤𝑎𝑙𝑙) (2.26) 
 










where most blackbody radiation occurs may simplify the calculation of the droplet emissivity. 
The two extreme temperatures throughout the experiment are the wall temperature of 245 K and 
the initial mist temperature of 290 K. The spectral blackbody flux at these two temperatures is 











Figure 2.5 shows most of the radiation occurring between approximately 4 and 65 µm, which is 
in the infrared region. Only the optical properties of water in the infrared region are important for 
the radiative calculations in this experiment. Water is an excellent absorber in this region [16]. 
This leads to a considerable simplification which is discussed in the next sections. 
 





















Maximum Droplet Temperature (290 K)




2.4.2 Properties of a Single Liquid Droplet 
To conduct any radiative transfer analyses on a water droplet, its radiative properties must be 
known. The droplet will be exposed to an equal amount of thermal radiation across its entire 
surface, therefore, the multiple lines of sight with varying distances throughout the droplet need 
to be taken into account. An average absorptance, or emittance via the assumption of Kirchhoff’s 
Law, must be calculated. It has been shown in literature [16] that the mean emittance for a 
spherical enclosure can be analyzed using Equation __. Equation __ expresses the emissivity 
along a single line of sight, whereas Equation __ represents the geometrically averaged emittance 
of the droplet, considering all lines of sight. 




𝜀(𝑠) = 1 − 𝑒−𝐾𝑎𝑠 (2.29) 
Where  
𝑠 = 𝐷𝜇 (2.30) 
𝜇 = cos 𝜃 (2.31) 
Substituting Equations 2.29-2.31 into Equation 2.28 yields Equation 2.32.  
𝜀̅ = 2∫ 𝜇 𝑑𝜇
1
0





𝑡𝐷 = 𝐾𝑎𝐷 (2.33) 
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The equation can be readily integrated. The first term is a simple integration and the second term 
becomes a simple integration when using the method of integration by parts. The final result is 
Equation 2.34. 









The optical depth of the liquid droplet determines its emittance. The emittance naturally depends 
on wavelength due to the wavelength dependence of the absorption coefficient. However, it has 
been suggested by Roach [3] that an average absorption coefficient of 1/4.3 μm-1 can be used 
when most of the energy is in the infrared, as was shown to be the case in the previous section. 
Using the suggested absorption coefficient, a plot was generated showing the emittance as a 
function of droplet diameter as shown by Figure 2.6.  
 
 




















Figure 2.6. Average droplet emittance using Roach’s suggested absorption coefficient [3]. 
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Droplets are poor emitters of radiation at small diameters but approach blackbody behavior 
shortly after reaching a diameter of approximately 20 μm. The equivalency between emissivity 
and absorptivity is invoked throughout this paper via Kirchhoff’s Law and the assumption that 
the optical properties have no dependence on temperature. The directional dependence is 
equivalent as well since the droplet is absorbing radiation in all directions. 
2.4.3 Optical Depth Considerations for Droplet Assemblies 
One of the key assumptions for the droplet assembly calculations is to assume the mist is 
optically thin. This assumption allows for energy transport to only occur between the droplets 
and the surrounding air and the radiative sink, and assumes the droplets do not exchange energy 
with one another. This assumption was reinforced during the experiments by keeping the 
transmissivity of the mist in the range of approximately 90-95 % at the characteristic wavelength 
of the Malvern system.  
In order to determine whether or not the mist is optically thin, certain optical properties need to 
be calculated. The most important property is the mean free photon path (MFP). This property 
represents the average path a photon will travel before being either absorbed or scattered again. 






Using the simplified expression for extinction efficiency of a single droplet, the effective optical 
properties of a droplet assembly can be calculated. The average extinction efficiency for a cloud 






























The extinction efficiency function was given by Mie Theory [18] and the code used to calculate 
these parameters can be found in the Appendix. Using the average extinction efficiency of the 
droplets and effective diameter of the distribution, D32, the extinction coefficient of the mist was 






 𝑓𝑣,𝑡𝑜𝑡𝑎𝑙 (2.38) 
Where 




The path length for the Malvern system is approximately 11.99 mm. A sample calculation was 
conducted using data from the radiative cooling section to check the optically thin assumption. 
Data from this section was chosen because more individual droplets will be considered optically 
thick after growth by radiative cooling, thus the cloud will be more optically thick in this region 
than any other region in the experiment. The calculated MFP was approximately 5 m. This 
dimension is well above the diameter of the tube and the path length where data is acquired. The 
probability of a photon being reabsorbed or scattered by another particle after interacting with 
another is very low, thus validating the optically thin assumption adopted throughout.  
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2.5 Droplet Stability  
 
One of the interesting characteristics resulting from the inclusion of thermal radiation is the new 
criteria for a droplet to be in equilibrium with its environment. Equilibrium is defined as when 
there is neither condensation nor evaporation occurring, thus the droplet stays the same size. This 
criterion is important because it allows us to predict if a droplet of an initial size would grow or 
evaporate when exposed to a known environment. If the relative humidity of the environment is 
larger than the equilibrium relative humidity, the droplet will grow by condensation. Evaporation 
would occur if the opposite were true and the environment had a lower relative humidity.  
Classically, the criteria for a droplet to be in equilibrium with its environment requires the 
droplet and the environment to have the same relative humidity [19]. In the absence of radiation, 
this criterion is true. However, it can be shown that the environment and the droplet can be at 
different humidities and still be in equilibrium when the droplet is exchanging energy with a 
radiative sink. In order to show this, we will start with Equation 2.21. At equilibrium, the mass 
flux at the droplet interface will become zero. Rearranging Equation 2.21 for mass flux and 
setting its value to zero results in Equation 2.40.  
𝑞𝑐𝑠 = 𝑞𝑑𝑟𝑜𝑝 =
2 𝑘
𝐷
(𝑇𝑖𝑛𝑓 − 𝑇𝑠) (2.40) 
The temperature of the ambient air and the air adjacent to the droplet will be similar in value, but 
not necessarily equal. Keeping this difference in mind, we will introduce the Clausius-Clapeyron 























Rearranging Equation 2.40 for the temperature difference and substituting this expression as well 






The relative humidity of the air adjacent to the surface of the droplet is represented by the Kelvin 








Equation 2.43 shows what we stated earlier. In the absence of thermal radiation, the equilibrium 
relative humidity is defined solely by the Kelvin equation. However, thermal radiation allows for 
the two to be at different relative humidities. Whether or not this encourages or discourages 
droplet growth depends on the net amount of radiation between the sink and the droplet. This can 
be seen by examining Figure 2.7. 







As seen in Figure 2.7, radiative cooling can lead to droplet growth in a subsaturated 
environment. This is interesting because due to the classical criteria for equilibrium via the 
Kelvin equation, droplets were only believed to exist in supersaturated environments. Figure 2.7 
also shows how thermal radiation can encourage not droplet growth, but rather evaporation if the 
net radiation leads to a “warming” effect on the droplet. This new criteria will help to interpret 
both experimental and theoretical results presented later.  
Observing the curve showing the experimental conditions provides critical insight for the 
experiment. Since the radiative properties of the droplet change with diameter, the heat flux 
value is changing as well. The range of heat fluxes from the experimental curve range from 3-
200 W/m2. Using this curve, we can predict which droplets will evaporate or condense once they 
enter the radiative cooling section if we know the relative humidity.  
2.6 Droplet Assemblies with Changing Ambient Conditions 
All calculations and equations so far have only been considering a single droplet participating 
with the surrounding air and the radiative sink. The theory for a single droplet is important, but 
its corresponding equations have been presented and theoretical calculations have been 
conducted in literature [2]. The goal of this paper is to establish a theoretical basis for a single 
droplet and expand the theory to be able to predict growth of an assembly of droplets. For a large 
number of droplets undergoing evaporation or condensation, it is unreasonable to expect the 
ambient conditions to remain constant with time. Following this reasoning, the mass and energy 
balances for multiple droplets must take into account how the air is changing as well. 
First, we consider the scenario where multitude of droplets at various sizes are exchanging 
energy with the radiative sink and the surrounding air with inconstant properties. Changing 
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ambient conditions includes the effect of droplets releasing or absorbing latent heat as well as the 
droplets conducting heat with the surrounding air. Also, the fixed amount of water both in the 
ambient air and in the droplets is taken into account. Accounting for these characteristics leads to 
a change in ambient air temperature and supersaturation with time.  
The first step in analyzing an inconstant environment is to perform an energy and mass balance 
between droplets and the surrounding air as shown in Figure 2.8. The surrounding air is assumed 




= 𝑄 𝑐𝑣 −𝑊 𝑐𝑣 (2.44) 





𝑊 𝑐𝑣 𝑄 𝑐𝑣 
Figure 2.8 General description of droplets exchanging energy with surrounding air containing 
a fixed amount of energy and water. 
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𝑈𝑐𝑣(𝑡) − 𝑈𝑐𝑣(0) = 𝑄𝑐𝑣 −𝑊𝑐𝑣 (2.45) 
 
Where 
𝑄𝑐𝑣 =∑∫ 𝑛𝑖(𝐷𝑖) 𝜋𝐷𝑖
2 ∙ (𝑚 𝑖







𝑊𝑐𝑣 = 𝑃 ∙ (𝑉𝑐𝑣(𝑡) − 𝑉𝑐𝑣(0)) (2.47) 
𝑈𝑐𝑣(𝑡) = 𝑚𝑖𝑛𝑓(𝑡) 𝑢𝑖𝑛𝑓(𝑡) (2.48) 
The integral in the heat addition is carried out for every droplet of a specified diameter. It is 
assumed that each droplet of a specified diameter will have the same temperature and the 
droplets do not exchange energy with one another. The integrals for each droplet size are then 
summed to account for the total heat being contributed. Using a similar method, the total amount 
of mass transferred between the droplets and the air can be quantified using the relationships 
previously shown for a single droplet. Combining the mass balance, energy balance, and using 
the ideal gas equations of state for the air allows for the thermodynamic properties of the air to 
be calculated. 
One of the difficult considerations when performing calculations on an entire droplet assembly is 
the estimation of the initial thermodynamic values for the ambient air. Since the air is optically 
thin, the temperature can be approximated as constant throughout. However, the supersaturation 
of the air has a strong dependence on droplet size and concentration. Since the spatial 
distribution of droplets within the mist is random, the supersaturation will vary with location. 
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Without knowing the spatial distribution of the droplets, the current model can only simulate 
droplets in an ideal environment where supersaturation does not vary with location.  
Next, calculations from the model were compared to experimental data from the radiative 
cooling section. Data from the precooling section was used for initial droplet sizes and number 
concentrations. The Malvern system effectively takes data from an 11.99 mm long cylinder with 
a 10 mm diameter. This total volume was used as the initial volume for this model. The model 
allows for the total volume to expand or contract due to moving boundary work being done on 
the droplets as they either grow or begin to evaporate. This convention was adopted to best 
replicate what is happening during the experiment, since the experiment was held at a constant 
atmospheric pressure. 
Data from the precooled section was discretized into default-sized bins used by the Malvern 
system. The code used for these calculations can be found in the Appendix. An average diameter 
and number concentration was assigned to each bin using the standard arithmetic mean. The total 
number of droplets of each size was held constant. In anticipation of possible droplet 
evaporation, a minimum droplet diameter of 0.1 μm was assigned. When droplets evaporate and 
diminish below this size they are treated as nonexistent or completely evaporated.  
The necessary equations outlined in the earlier sections were programed into an Engineering 
Equation Solver (EES) code and has been included in the Appendix. The droplet growth 
equations shown in an earlier section for a single droplet were carried out for every average 
diameter between the bins the Malvern system output. The thermodynamic properties of the air 
were not assumed constant, but instead updated as the temperature changed using recommended 
thermodynamic relations [14,15]. 
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Chapter 3: Experimental Methods 
An experiment was designed to observe droplet growth when an assembly of droplets were 
exposed to a cold, external sink. A schematic of the experiment is shown in Figure 3.1.  Mist was 
generated using a commercial humidifier and was mixed with air in order to dilute the mixture. 
During the experiment, measurements were taken at three different time periods. These periods 
were; before any cooling took place, after the precooling section, and after radiative cooling. 
Droplet distribution measurements from the humidifier with no cooling were taken at window 
one (W1).  
The precooling zone was deemed necessary in order to grow the generated droplets to a size 
regime where further droplet growth could be attributed to radiation. In other words, a size where 
the rate of growth by diffusion alone would be insignificant, but not so large that droplet growth 
would be dominated by coalescence. The wall temperature in the precooling zone was modified 
to achieve the desired sizes. Flow straighteners were installed in the precooling zone to minimize 
any velocity component of the mist in the radial direction. The first straighteners were in good 
thermal contact with the wall while the second set of straightener were well insulated. Keeping 
one insulated and the other in good contact gave more control over how the cooling was 
performed in terms of achieving different temperatures for the flow straighteners. Once most of 
the volume of droplets grew to the desired size, the conditions in the precooling zone were held 
constant and recorded. Droplet distribution measurements from the precooling section were also 
taken at W1.  
During the experiment, 100 µm droplets were initially observed. It was suspected they were 
being generated through condensation with the flow straighteners. In order to eliminate these 
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droplets, anti-condensation spray was applied to the flow straighteners. The spray was only 
reapplied when large droplets were observed again. The problem with having large droplets in 
the experiment was previously discussed. If large droplets are included in the experiment, their 
growth cannot be attributed to radiative energy exchange alone. They are in the “no-slip” regime, 
thus their chances of growing by coalescence may overshadow the effect of radiation.  
Next, the wall in the radiative cooling section was cooled to the desired temperature. The inner 
tube in the radiative cooling section was made of a polyethylene (PE) tube due to its high 
transmission of infrared radiation. In order to eliminate convective heat loss to the wall of the 
polyethylene tube, air at the same temperature of the mist was forced to flow on the outside of 
the tube. The velocity of the mist was used to calculate the duration of time where the droplets 
were exposed to the external radiative cooling sink. The final droplet distribution was measured 
at window two (W2). Thermocouples were also installed to measure the mist temperature before 
and after precooling and after radiative cooling.  
 




One of the fundamental assumptions throughout this experiment and the subsequent calculations 
is all the droplets in the measurement regions are moving at the same speed, thus experiencing 
the same time of exposure to the radiative sink. To justify this assumption, the flow needed to be 
fully developed at both windows where measurements were being made. If the flow was not 
fully developed, an accurate calculation of the exposure time through the radiative cooling 
section would be more complicated. In order to ensure the flow was fully developed, there were 
no changes in the diameter in the inner section of the pipe where the mist was flowing. The pipe 
was also long enough to ensure fully developed conditions were met before W1. The velocity of 
the mist was measured at the center of the tube and held constant at approximately 0.9 cm/s. The 
length of the radiative cooling section is approximately 50.8 cm, which gives a time of exposure 
of 56 seconds. An initial mist temperature of 298 K was used before precooling. Both the initial 
mist temperature, after precooling and before radiative cooling, and forced annular air flow 
temperature were held constant at 290 K. The diameter of the inner pipe was 7.62 cm. The 
corresponding Reynolds number is 51, which is well below the turbulent regime for internal 
flow. 
Another important aspect of the experiment was the forced air in the annular region. Since the 
mist and forced air were at the same temperature, there should be no energy exchange between 
the tube and the mist. However, the tube can be at a different temperature than the mist if the 
thermal boundary layer, which originates on the radiative sink, grows large enough to interact 
with the PE tube. In order to avoid the thermal boundary layer between the sink and the annular 
air reaching the PE tube, the Reynolds number for the air was held at 2000. This resulted in a 
thermal entry length of 57.2 cm, which is larger than the 50.8 cm length of the radiative cooling 
section. At the end of the radiative cooling section, the thermal boundary layer was 8 mm thick. 
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The thickness of the annular region was 10 mm, thus there was no influence on the PE tube 
temperature from the thermal boundary layer of the sink. 
3.1. Laser Operating System 
Droplet diameter measurements were obtained using laser diffraction at a wavelength of 670 nm. 
Optical properties of liquid water, and air, at the characteristic wavelength were programmed 
into the Malvern Spraytec software and used for data reduction. The working theory of laser 
diffraction is shown in Figure 3.2 [20]. A laser beam of known properties passes through a 
medium where the beam is partially scattered by the particles. The scattered light passes through 
the lens and is redirected to the detector. The amount of light which is transmitted without being 
scattered or absorbed is focused to the center of the detector ring. Once the detector measures the 
amount of light incident on each concentric ring, the Malvern software calculates the droplet 
distribution.  




A schematic of the experimental system is shown in Figure 3.3. The point of view in Figure 3.3 
is from the exit of the tube. Due to the focal length of the lens and the diameter of the laser beam, 
the effective path length of measurement is approximately 11.99 mm. Alignment was conducted 
to ensure the path length corresponded to a region at the exact center of the flow tube.  
One of the limitations of the Malvern is the dynamic range of droplets it can accurately measure. 
For a 450 mm lens, currently installed on the laser, this range is from 2.5-1040 μm diameters 
[20]. The system can still detect droplets outside of this range, but properties such as volume 
fraction or number density are not reliable. Measured droplets below 2.5 μm are retained and 
used in all calculations since an accurate adjustment of the data is not included with the software 
or suggested in the literature. The fact they appear often in the data, however, should be treated 
with caution before drawing conclusions since many of the droplets are below 1 μm which is 
well below the accurate range of the lens. 
 
Laser Diode 









3.2. Data Reduction 
Raw data was taken, and data reduction was performed, in the Malvern Spraytec software. The 
software outputs the volume fraction and number density of the media for a range of droplet 
diameters. Other parameters which were output include the volume concentration, mass-average 
diameter (D32), volume-average diameter (D43), and diameters corresponding to the 10
th and 90th 
percentiles (Dv10, Dv90). Droplet growth was deemed observable both when the distribution 
showed growth and when the averaged diameters increased.  
The Malvern software gives raw data in the form of percent volume, normalized with respect to 
the volume concentration, or total volume fraction. The software uses this data to calculate all 
other parameters. The percent volume can be used to calculate the volume fraction and number 
density according to Equations 3.1-3.3. The calculated number density values and the calculated 
total number density can be used to recalculate the percent number density for comparison with 























 𝑑𝐷 (3.3) 
The goal in calculating these properties is to have an accurate number of droplets to attribute to 
each droplet size when performing calculations for a droplet assembly.  
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Chapter 4: Experimental Results 
Experiments were conducted to measure droplet growth under controllable conditions. These 
conditions included the time of exposure to a radiative cooling sink as well as both the 
temperature of the mist and radiative sink. Numerous experiments were conducted using a 
radiative sink temperature of 245 K, an initial mist temperature of 290 K before entering the 
radiative cooling section, and a time of exposure of approximately 60 seconds. The time was 
estimated using the mass flow rate of the mist and the geometry of the pipe. Experimental data 
from a single experiment is shown in Figure 4.1. Data from other experiments with the same 
conditions can be found in the Appendix.  
There is a noticeable difference between the radiative cooling data shown in Figure 4.1 with 
other sets of data given in the Appendix. Mainly, the current data set does not show a mode of 
smaller droplets, while other data sets do. This can either be due to evaporation or uncertainty of 
measurements associated with the Malvern system using a 450 mm lens. Droplet evaporation is 
anticipated with the current model, however, if droplets exist in an environment where 
supersaturation varies with location of droplets it is possible for droplets to grow or evaporate at 
largely different rates. It is also possible for droplets to be in an area where they are in 
equilibrium with the effective environment around them and thus experience no growth at all. In 
short, the data set used here for comparison was chosen because it best reflects what would be 
expected from a comparison with the current model and most the measured droplets are in the 
accurate range of the lens. In order for a more detailed comparison with other data sets, either the 
model must be modified to allow for the relative humidity of the air to be a function of location 
or the Malvern would need a smaller lens to yield more reliable data for small droplets. 
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Each plot in Figure 4.1 represents droplet distribution data for the mist under certain conditions. 
The top plot shows data taken from the mist without any cooling. The middle plot shows data 
taken from the mist after the precooling section when the droplets were grown to a desirable 
range of diameters. Finally, the last plot shows data taken from the mist after holding the 
precooling conditions constant and allowing the mist 60 seconds of radiative cooling to the 
external sink.   
Comparing the middle and last plots, radiative cooling had a noticeable effect on the droplet 
distribution. As mentioned previously, the radiative cooling section had an annulus of forced air 
outside of the polyethylene tube to eliminate heat transfer between the mist and the polyethylene 
Figure 4.1. Experimental data from the mist (top), the precooling section (middle) and the 
radiative cooling section (bottom) using a radiative wall temperature of 245 K and an 
exposure time of 60 seconds. 
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tube. The only modes of energy transfer in the radiative cooling section are: radiative cooling to 
the sink, latent heat loss/gain to the surrounding air, and heat conduction to/from the surrounding 
air. In the next section, a comparison between the different heat fluxes is conducted. 
Another trial was conducted using the same experimental procedure and conditions as before, but 
neglecting the precooling section and instead exposing standard droplets from the mist to the 
radiative cooling section. It was speculated that droplet growth would be more noticeable when 
droplets are grown to a size where they are considered optically thick. While this is true, it is also 
shown in Figure 4.2 that growth can still be seen even when precooling is neglected. One of the 
significant effects of ignoring the precooling section is the elimination of the larger mode at 30-
50 μm. Also, it appears smaller droplets remain largely unchanged, giving reason to suspect 









Figure 4.2. Experimental data from the mist (top) and the radiative cooling section (bottom) 




Chapter 5: Theoretical Results 
The first simulation was conducted considering only a single droplet radiating to a cold wall in 
an environment where the properties were known. For this analysis, it was assumed that the 
ambient conditions were constant, which is reasonable for a single droplet but will be shown 
later to be unreasonable for droplet distributions. The calculations were conducted using the 
same wall temperature, ambient temperature, and exposure time as the experiment. A 
supersaturation of 1.001 was used for the ambient air.  
The results from the second simulation involving larger numbers of droplets of various sizes in 
an inconstant environment are also discussed. Allowing the properties of the air to change with 
time changes the history of droplet evolution. A droplet may grow initially, but then evaporate 
once the environmental conditions see a noticeable change. Some of the droplets in the 
simulation experienced evaporation rather than growth due to the changing conditions. It is also 
shown that even a small time of exposure to a radiative sink, approximately one minute, can lead 
to a large change in temperature and relative humidity if the sink is sufficiently cold. 
5.1. Single Droplet Results 
The first characteristic of interest will be the total growth of the droplet over the previously 
defined exposure time. Figure 5.1 shows the droplet growth for three scenarios. The first 
simulation used the same conditions as the experiment and shows linear growth from 5 μm to 
approximately 11.8 μm. The remaining two scenarios show the influence of the wall temperature 
and the supersaturation of the ambient air with all other conditions held constant. Increasing the 
wall temperature decreases the amount of total droplet growth, for the same supersaturated 
ambient air. Increasing the supersaturation of the ambient air increases the amount of total 
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droplet growth, for the same wall temperature. Therefore, droplets exposed to a low temperature 
radiative sink and high supersaturated ambient conditions will exhibit more growth than droplets 
with a higher radiative sink temperature in a lower supersaturated environment. This effect is 
attributed to the higher concentration of water vapor in the ambient air, causing a stronger 
concentration gradient which increases the mass flux into the droplet.  
Since higher supersaturation can be attributed to smaller droplets through the Kelvin equation, it 
is suspected that when a droplet is surrounded by numerous droplets of considerably lower sizes 
the growth of the larger droplet is higher than a droplet surrounded by droplets of a similar size.  
 
 
Figure 5.1. Comparison of the growth of a single droplet between experimental conditions 




Next, it is essential to compare the current model to the standard model used in classical cloud 
physics. Current calculations on condensation/evaporation do not include radiation in the energy 
balance, thus neglecting any effect radiation will have on the temperature of the droplet. The 
ambient air temperature and the temperature of the droplet will be identical, but not equal. In a 
previous section, the energy equation was given by Equation 2.19. Figure 5.2 shows the droplet 
growth over an extended period of time for three different versions of the energy equation. The 
first version is the current model which includes all terms in the energy equation. The second 
version neglects the conduction term and only keeps the radiation terms and the latent heat term. 
The last version neglects the radiation terms while keeping the conduction and latent heat terms, 
thus giving the result found in classical cloud physics.   
 
 
Figure 5.2. Comparison between droplet growth rates when radiation is included, is 
neglected, and when conduction is neglected. 
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Neglecting radiation gives rise to a problem between the theory of droplet growth and observed 
droplet growth in the atmosphere. Once a droplet reaches a diameter of approximately 20 μm, 
the rate of growth diminishes. The classical border between “raindrop” and “cloud droplet” is 
held at a diameter of 200 μm. According to the model which neglects radiation in the energy 
balance, and using the same temperature and supersaturation used in Figure 5.2, it would take a 
droplet starting at 5 μm more than twenty-five hours to reach a diameter of 200 μm. Whereas, by 
including radiation in the energy balance, it would take the same droplet only approximately 30 
minutes to achieve the size of a raindrop, assuming the droplet does not begin to grow by 
turbulence-induced collisions. The latter is on the order of minutes, which is much closer to what 
is observed in Earth’s atmosphere. Once the droplet reaches the typical raindrop size, growth by 
collection takes over and the droplets fall as rain. The unreasonably long time for a small droplet 
to grow to the size of a raindrop, as predicted by classical cloud physics, has been the subject of 
much debate and research. There have been proposals which seek to explain the discrepancy 
between theory and observation [19]. The experimental results, as well as the theoretical 
calculations conducted in this paper, show that radiation is a viable explanation for this 
discrepancy. 
Not only is droplet growth of interest, but also the history of the various heat fluxes the droplet 
will experience. Figure 5.3 shows these fluxes. It should be noted that negative quantities in the 
plot indicate that the direction of the flux in the model should be switched, therefore only the 
magnitude of the fluxes are discussed. One notable observation of the droplet during growth 
comes from comparing the magnitude of the flux conducted from the surface through the liquid 
droplet, qcu, and the absorbed heat due to condensation, qfg. The absorbed latent heat is higher in 
magnitude when the droplet is small, or optically thin, but then the conducted heat becomes 
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higher in magnitude due to the droplet becoming optically thick. Remember that the heat being 
conducted through the droplet is driven entirely by radiation when the droplet is assumed to be 
isothermal. Another interesting characteristic is the change in temperature of the droplet. The 
droplet is initially warmer than the ambient air, but drops to a lower temperature when the 
droplet is optically thick, as shown in Figure 5.4. Since the droplet is now optically thick, it can 




Figure 5.3. Comparison of the various heat fluxes experienced by a droplet when exposed to 




5.2. Droplet Assemblies with Changing Ambient Conditions 
The results from the droplet assembly calculations matched well with experimental data, as 
shown in Figure 5.5. Again, data from the precooling section was used for the initial diameters, 
concentrations, and bulk temperature for the theoretical model. The model predicted all droplets 
above a certain diameter would grow, while smaller droplets would begin to evaporate and 
balance the water in the air being lost due to condensational growth for larger droplets. An 
estimate of the initial supersaturation for the model was predicted by observing which droplets 
show signs of evaporation during the experiment. The model shows, however, the results are 
insensitive to the initial estimation of relative humidity. 
Figure 5.4. Steady state temperature of the droplet as it increases in size. 
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The model also predicted a final mist temperature of 4.4 °C after 60 seconds of radiative cooling. 
A final temperature of 0 °C was measured during the experiment. This leads to a 1.61 % error 
using the absolute temperature scale. The large change in mist temperature from 290 K to 273 K 
shows how much energy exchange is being driven by the cold radiative sink over the course of 
only one minute. 
 
Figure 5.5. Comparison between the experimental data from the radiative cooling section and 
the theoretical calculations for the droplet assembly. The precooling data used for the initial 
sizes and number densities is also included. 
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Although there is overall good agreement, there is a large mode appearing between 30-50 μm the 
model does not predict. This means there was either an error in the experimental process or the 
neglecting of another effect in the model that could lead to droplet growth. 
The current model assumes all droplets are exposed to the same environmental conditions. If 
there is a spatial component to the saturation of air, droplets would grow or evaporate at much 
different rates depending on where they are located. This would also explain why some large 
droplets would begin to evaporate while others grew. A large droplet surrounded by small 
droplets, i.e. a large environmental relative humidity, the droplet would grow much faster than a 
droplet of the same size surrounded by larger droplets.  
Another effect, which could be linked to further droplet growth, could be coalescence. Typically, 
droplet coalescence is predicted assuming a droplet is falling at its terminal velocity and is 
collecting smaller droplets as it falls [19]. However, classical descriptions of coalescence do not 
predict how droplets may coalesce when they are in a forced-flow environment. Theories have 
been proposed where droplet growth is attributed to the turbulent flow of droplets [19]. Without 
performing a large-scale eddy simulation assigning droplet trajectories, it is difficult to account 
for the possibility of collisions. 
If droplets are growing by another mechanism other than radiative cooling once they reach an 
appreciable size, it may be reasonable to neglect the second mode and adjust the remaining data 
points accordingly. This was conducted and is shown in Figure 5.6. Neglecting the second mode 
allows us to accurately compare the computed growth of the medium-sized droplets along with 
the predicted evaporation of the smaller droplets with the data taken from the experiment. The 
data and the theoretical calculations are nearly in complete agreement, other than values for 
diameters larger than 10 µm. Because of the near-perfect agreement on every droplet size other 
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than large droplets, it leads the author to believe there is some degree of coalescence in the 
experiment not being represented by the model. Another possibility could be droplet “swirl”. In 
other words, the droplets may have a radial velocity component which gives them a longer time 
of exposure to the radiative sink and thus can grow much larger than in the minute time scale 
used in calculations. 
 
 
Figure 5.6. Comparison between the experimental data from the radiative cooling section and 
the theoretical calculations for the droplet assembly, neglecting the second mode. The 
precooling data used for the initial sizes and number densities is also included. 
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Chapter 6: Conclusion 
It has been shown both theoretically and experimentally radiative cooling can play a significant 
role in droplet evolution. In particular, this can help explain how droplets continue to grow from 
20 μm to 100 μm in diameter in a realistic time frame. As stated earlier, this has been a 
longstanding puzzle in cloud physics. The caveat, of course, is the droplet must be in a position 
where it has a radiative sink to exchange energy. In other words, this theory can explain droplet 
growth at cloud tops where the droplet can radiate either to space or to supercooled droplets or 
ice crystals at a higher altitude and at a lower temperature. The neglecting of radiation is 
reasonable if the droplet can only exchange radiative energy with other droplets at similar 
temperatures or if the cloud is optically thick enough so that the droplets cannot effectively “see” 
a radiative sink. It was also shown the growth of larger droplets can encourage the evaporation of 
smaller droplets in an environment where the limited water content is considered and ambient 
conditions are constant at all locations. Both the theory and the experiment have their limitations. 
Some phenomena unaccounted for in theory are the possibility of droplet collisions and the 
possibility relative humidity varies with location. The next step in refining the model would be to 
incorporate these phenomena. 
6.1. Recommendations for Future Work 
 
Both the theory and the experiment are valid under certain assumptions. For radiative properties 
of the droplets, a full Mie theory was deemed unnecessary since the goal was only to show how 
thermal radiation is a viable mechanism to enhance droplet growth. Mie theory calculations 
would have also complicated the numerical code extensively. However, for higher order 
accuracy it would be advisable to conduct Mie theory calculations on the droplets.  
45 
 
Another recommendation would be to study the growth of droplets under forced-flow conditions. 
Typically, droplet coalescence is studied and predicted assuming a droplet is falling at its 
terminal velocity and collecting smaller droplets. It is suspected that the unexpected mode 
appearing in experimental data could be attributed to coalescence. Since the droplets above 10 
μm are much larger in volume than other droplets, it would only take a small percentage of 
collisions for another large mode to appear. The formation of larger droplets would also increase 
the chance of smaller droplets to evaporate by decreasing the relative humidity of the air.  
The last recommendation would be to refine the model to allow the supersaturation to vary with 
location. Allowing the supersaturation to vary with location allows for droplets to be exposed to 
different ambient conditions. This can be done by examining which droplets experience growth 
from the experimental data. The relative humidity of the environment plays are large role in 
determining whether droplets will grow, evaporate, or stay in equilibrium. One idea would be to 
allow the droplets to initially be in equilibrium based on the Kelvin criteria, then allow the 
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Appendix A: EES Codes and Experimental Data 
 









































sigma_H2O_D=2.655 "For Mass Diffusion" 











V_inf_cc=V_inf*convert(m^3,cm^3)      
  
  

















upper=39 "This must match the size of the initial diameter 
























omega_D[i]=3.64098269 - 4.36297219*(T_f_k[i]/epsilonbyk_H2OAir) + 
3.05561273*(T_f_k[i]/epsilonbyk_H2OAir)^2 - 1.07355334*(T_f_k[i]/epsilonbyk_H2OAir)^3 + 
0.182476728*(T_f_k[i]/epsilonbyk_H2OAir)^4 - 0.0119234664*(T_f_k[i]/epsilonbyk_H2OAir)^5                 















































"Method of Calculating Properties for Air (K. Kadoya, 1985, Viscosity and Thermal Conductivity of Dry Air 







































































































































A.2. EES Code for Optical Properties of a Droplet Assembly 
 
"This code calculates the optical properties of a distribution of droplets using experimental parameters 








a_mg=0.0955 "Highest percent volume at first mode." 
b_mg=FWHM/2.2 
FWHM=6.5 "Must calculate the difference between the D 
values at 1/2 the max percent volume value." 
c_mg=1.5 
D_0_mg=6.833 "Must change to the diameter where the largest 
percent volume occurs." 
  
"Mode 2" 
a_mg_2=0.0956 "Highest percent volume at second mode." 
b_mg_2=FWHM_2/2.2 
FWHM_2=13 "Must calculate the difference between the D 
values at 1/2 the max percent volume value." 
c_mg_2=1.5 
D_0_mg_2=36.98 "Must change to the diameter where the largest 






D_43=sumparametric('Table 1','z_1_r',1,1000)/sumparametric('Table 1','x_1_r',1,1000) 




diam=tablevalue('Table 1',r,1) "Change values in table so that diam = d and 


















































































































Figure A.1. Droplet distribution of the mist from experiment MPR (Mist, Precooling, and 
Radiative Cooling) 1. 




























Figure A.4. Droplet distribution of the precooling zone from experiment MPR 1. 
Figure A.5. Droplet distribution of the precooling zone from experiment MPR 2. 
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Figure A.6. Droplet distribution of the radiative cooling zone from experiment MPR 1. 







Figure A.8. Droplet distribution of the radiative cooling zone from experiment MPR 2. 




Figure A.10. Droplet distribution of the radiative cooling zone from experiment MPR 2. 
Figure A.11. Droplet distribution of the radiative cooling zone from experiment MR 1. 
